؉ T lymphocytes and monocytes/macrophages, incorporating host proteins in the process of assembly and budding. Analysis of the host cell proteins incorporated into virions can provide insights into viral biology. We characterized proteins in highly purified HIV-1 virions produced from human monocyte-derived macrophages (MDM), within which virus buds predominantly into intracytoplasmic vesicles, in contrast to the plasmalemmal budding of HIV-1 typically seen with infected T cells. Liquid chromatography-linked tandem mass spectrometry of highly purified virions identified many cellular proteins, including 33 previously described proteins in HIV-1 preparations from other cell types. Proteins involved in many different cellular structures and functions were present, including those from the cytoskeleton, adhesion, signaling, intracellular trafficking, chaperone, metabolic, ubiquitin/proteasomal, and immune response systems. We also identified annexins, annexin-binding proteins, Rab proteins, and other proteins involved in membrane organization, vesicular trafficking, and late endosomal function, as well as apolipoprotein E, which participates in cholesterol transport, immunoregulation, and modulation of cell growth and differentiation. Several tetraspanins, markers of the late endosomal compartment, were also identified. MDM-derived HIV contained 26 of 37 proteins previously found in exosomes, consistent with the idea that HIV uses the late endosome/multivesicular body pathway during virion budding from macrophages.
As an RNA virus with limited coding capacity, human immunodeficiency virus type 1 (HIV-1) subverts cellular pathways and processes to facilitate many aspects of its replication cycle. It is known that a variety of cellular factors are involved in HIV-1 assembly and budding (13, 20, 42, 44) . Typically, HIV-1 is observed by electron microscopy to assemble at and bud from the plasma membrane in T cells and the epithelial cell lines that serve as models for HIV-1 assembly studies (23) . In contrast, in macrophages, one of the primary target cell populations in vivo, HIV-1 appears to assemble mostly at internal late endosomal and multivesicular body (MVB) membranes and then bud into these vesicular structures, observable in electron micrographs as internal virion-filled compartments (48, 54, 55, 59) . After budding into MVB, these virion-laden vesicles are presumably transported to the cell surface and virus is released from the cell by a normal exocytotic fusion of these structures with the plasma membrane, thereby releasing the contents of the MVB (54, 55) .
To date, the differences in viral and cellular protein interactions involved in assembly and budding at the plasma membrane versus the late endosomal assembly pathway remain unclear. Clues to the location and the mechanism by which HIV-1 buds can be provided by the cellular proteins that are incorporated into virions. In the case of macrophage-derived virus, the presence of HLA class II and other late endosomal proteins supports the assembly and budding of HIV-1 in the late-endosome/MVB compartment (45) . Also, cellular proteins have been used to identify the cell type that produced the HIV-1 found in patient plasma (37) .
In addition to being potential fingerprints for the assembly pathway, cellular proteins found in virions may also play roles in viral pathobiology. The incorporation of cellular proteins such as HLA class II, ICAM-1, and tetraspanins can affect the ability of HIV-1 to infect host cells (7, 43) . The presence of HLA class II on virions may contribute to immunopathogenesis, as noninfectious virions carrying HLA class II can induce apoptosis in primary T cells in vitro (18) .
Several groups have studied the cellular proteins incorporated into HIV-1 virions produced from lymphocytes and in epithelial cell model systems (reviewed in references 7, 49, and 71); however, the cellular protein content of virions produced from macrophages remains largely unstudied (37, 45) . This cell type not only appears to use alternate assembly and budding pathways but also is an important cell lineage for HIV-1 transmission, establishment and maintenance of infection, and pathogenesis (36, 37, 57) .
The analysis of cellular proteins in virions is complicated by the presence of non-virion protein-containing particles that can contaminate even virion preparations extensively purified by density gradient centrifugation (1, 25) . These particles, mostly microvesicles and exosomes, are produced as part of normal cellular physiology and have been implicated in cellto-cell signaling and immune activation/surveillance (15, 31, 32, 55, 69) . A key difference between the two types of particles is that microvesicles are defined as those particles that bud from the plasma membrane, while exosomes form by budding into late endosomes/MVB vesicles that ultimately fuse with the plasma membrane, releasing these particles from the cell (69) . Despite this difference, the two particle types share similarities in morphology and other properties. While these vesicles can be quite heterogeneous, a certain population of these particles has the same density as and approximate size of virion particles, making them quite difficult to remove from virion preparations (1, 25) . We have developed a technique by which these contaminating particles can be removed from virion samples by using CD45 affinity depletion with antibody-linked paramagnetic microbeads (72) . This method exploits the fact that CD45 is present on many of these vesicles (19, 76) yet is excluded from HIV-1 particles (19, 45) . Therefore, CD45 immunoaffinity depletion, combined with density centrifugation, produces highly purified virus preparations.
To better understand the assembly process in macrophages and to identify cellular proteins that might play a role in HIV-1 biology, we examined HIV-1 preparations produced from monocyte-derived macrophages (MDM) that were highly purified by density centrifugation and CD45 immunoaffinity depletion by using liquid chromatography (LC) coupled with electrospray ionization tandem mass spectrometry (MS/MS). Our analysis revealed a large number of cellular proteins not previously described for HIV-1, in addition to proteins previously identified from non-macrophage-derived virus. These results provide important leads for the continued study of HIV-1 assembly, infection, and pathogenesis.
MATERIALS AND METHODS
Virus preparations. Infectious CCR5-tropic HIV-1 stocks were produced by transfecting 293T cells with the full-length infectious molecular clone NLAD8 (21) by using TransIt 293 reagent (Mirus Corp., Madison, WI). Elutriated monocytes were obtained from HIV-negative donors through the NIH Department of Transfusion Medicine under an NIH institutional research board-approved protocol. To generate macrophages, monocytes (approximately 10 8 cells) were cultured for seven days on hydrogel-treated plates (ultralow-attachment six-well clusters [catalog no. 3471; Corning, Acton, MA) in RPMI 1640, supplemented with 10% (vol/vol) fetal bovine serum, 2 mM L-glutamine, 100 U per ml penicillin, and 100 g per ml streptomycin. All cell culture products were obtained from Invitrogen (Carlsbad, CA). One half of the MDM from each donor were infected with virus, while the other half served as an uninfected control. Infections were carried out at a multiplicity of infection of Ͼ4, and virus production was monitored by a reverse transcriptase assay (28) . Input virus was removed from infected cultures by two washings with medium before MDM-derived virus was collected. Culture supernatants were collected over a series of weeks and frozen. Supernatants from the cultures were then thawed, pooled, and clarified by centrifugation (10 min at 2,000 ϫ g) prior to CD45 depletion (see below). All other virus preparations were produced from chronically infected cell lines and purified by sucrose density gradient centrifugation, as previously described (2) . Viruses are designated according to the viral strain and cell line in which they were propagated, for example, SIV mne /HuT-78 cl.E11S and HIV-1 MN /H9 clone 4.
CD45 immunodepletion. Virion and vesicle preparations were depleted with anti-CD45 paramagnetic microbeads (catalog no. 130-045-801; Miltenyi Biotec Inc., Southbridge, MA) as previously described (72) with the following modifications. Before use, the microbeads were captured from the stock suspension by applying a magnetic field using one of two Dynal (Brown Deer, WI) magnetic separators, MPC-S or MPC-L. Beads were then washed twice in phosphatebuffered saline (Invitrogen) and resuspended in their original volume. For depletion, clarified cell culture supernatants were treated with anti-CD45 microbeads at a concentration of 2 l of beads per ml of supernatant, followed by a brief mixing. After 1 h at room temperature, the supernatants were placed in magnetic separators and incubated at 4°C for at least 20 h. CD45 immunoaffinitydepleted supernatants were then removed from the beads by pipetting and centrifuged at 120,000 ϫ g at 4°C for 1 h to pellet virions. Beads were recovered and retained for immunoblot analysis. Fifty milliliters of combined cell culture supernatants from both uninfected and NLAD8-infected MDM cultures was CD45 depleted and density centrifuged to produce the uninfected control and virion preparations analyzed by mass spectrometry.
Immunoblot analysis. Immunoblot analyses were carried out as previously described (50) . The sera used were rabbit anti-Env (reacting with both gp120 and gp41) (Fitzgerald, Concord, MA) and goat anti-p24 CA (goat no. 81; AIDS Vaccine Program, NCI-Frederick). Monoclonal antibodies specific for p24 (AIDS Vaccine Program), CD45 (BD-Transduction Laboratories, Inc., San Diego, CA), CD63 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and Tsg101 (Genetex, San Antonio, TX) were also used.
Fractionation and trypsin digestion of protein samples. Fifteen microliters of sample was prepared in Tris-glycine-sodium dodecyl sulfate (SDS) sample buffer containing 80 mM dithiothreitol (CalBiochem, La Jolla, CA) and incubated for 20 min at 56°C. After cooling at room temperature, the samples were alkylated at a final concentration of 400 mM of iodoacetamide and incubated for 30 min at room temperature in the dark. After alkylation, samples were separated by SDS-polyacrylamide gel electrophoresis (PAGE) on a 1.5-mm-thick 4 to 20% Tris-glycine gel (Invitrogen, Carlsbad, CA), followed by staining with 0.1% (wt/ vol) Coomassie blue R-250 in a 40% (vol/vol) methanol, 5% (vol/vol) acetic acid, and water solution. The HIV-1-containing lane was sectioned into 17 contiguous pieces, which were subjected to proteolysis with bovine trypsin (Roche Diagnostics, Mannheim, Germany), according to a previously described protocol (8) . The peptides extracted from the gel after digestion were purified by a method adopted from a previously described procedure (60), using 10-l pipette tips fitted with C 18 Empore Discs (3M, Minneapolis, MN) as a microcolumn.
MALDI-TOF mass spectrometry of tryptic digests. Aliquots containing one third of the extracted peptides were dissolved in 10 l of 0.1% trifluoroacetic acid (TFA) and purified as described above. The purified material was eluted into a 0.65-ml Eppendorf tube with 2 l of acetonitrile-0.1% TFA (50/50 [vol/vol] ). A 0.5-l aliquot of the sample was spotted onto a matrix-assisted laser desorption ionization (MALDI) target, followed by the addition of 0.5 l of matrix solution (2 mg/ml alpha-cyano-4-hydroxycinnamic acid in acetonitrile-0.1% TFA [50/50 {vol/vol}]), containing 10 mM ammonium dihydrogen phosphate, as suggested in reference 79. The mixture was allowed to air dry before analysis. A Voyager-DE Pro time of flight (TOF) mass spectrometer (Perseptive, Houston, TX) was used for analysis. The accelerating voltage was 20 kV, guide wire 0.05%, and grid voltage 95%. The instrument was operated in linear mode under positive ion conditions. A nitrogen laser was used at 337 nm with 150 laser shots averaged per spectrum. Calibration was performed using instrument default settings, and data analysis was carried out using the Data Explorer software included with the Voyager mass spectrometer.
RPLC-MS/MS of tryptic digests and database search. The remaining two thirds of the peptide samples was dried using vacuum centrifugation and resuspended in 6 l of 0.1% (vol/vol) TFA. The sample was then analyzed by microcapillary reversed-phase liquid chromatography (RPLC) using an Agilent 1100 capillary LC system (Agilent Technologies, Inc., Palo Alto, CA), coupled online to an ion trap mass spectrometer (LTQ; Thermo Electron, San Jose, CA). Reversed-phase separations were performed using 75-m-inside-diameter, 360-m-outside-diameter, 10-cm-long capillary columns (Polymicro Technologies Inc., Phoenix, AZ) that were packed with 5 m Jupiter C 18 stationary phase slurry (Phenomenex Inc., Torrence, CA). After sample injection, a 20-min wash with 95% mobile phase A (0.1% [vol/vol] formic acid in water) was applied and peptides were eluted using a linear gradient of 5% mobile phase B (0.1% [vol/vol] formic acid in acetonitrile) to 45% mobile phase B over 40 min with a constant flow rate of 0.5 l/min. The mass spectrometer was operated in a data-dependent MS/MS mode using a normalized collision-induced dissociation (CID) energy of 38%. Dynamic exclusion was applied to minimize redundant selection of peptides previously selected for CID. The temperature of the heated capillary was 180°C, and the electrospray voltage was 1.5 kV. Using SEQUEST (ThermoElectron, San Jose, CA), the CID spectra were compared against those of the EMBL nonredundant protein database. Only peptides having cross-correlation (X corr ) cutoffs of 1. 3ϩ and with delta cross-correlation scores (⌬Cn) of at least 0.09 (65) were considered legitimate identifications. These SEQUEST criteria thresholds have been determined previously to result in a 95% confidence level in peptide identification (77) .
Transmission electron microscopy. Micrographs of positive-stained virions were obtained as previously described (27) .
RP-HPLC separation and analysis of viral proteins. Virus sample was disrupted in 8 M guanidine-HCl (Pierce, Rockford, IL) and fractionated by highperformance liquid chromatography (HPLC) to isolate viral proteins under nonreducing conditions. HPLC was performed at a flow rate of 300 l/min on 2.1-by 100-mm Poros R2/H narrow bore column (Boehringer Mannheim GmbH, Germany), using aqueous acetonitrile-trifluoroacetic acid solvents and a Shimadzu HPLC system equipped with LC-10AD pumps, a SCL-10A system controller, a CTO-10AC oven, a FRC-10A fraction collector, and a SPD-M10AV diode array detector. The gradient of buffer B (0.1% trifluoracetic acid in acetonitrile) was as follows: 10% to 36.5%, 12 min; 36.5% to 37%, 4 min; 37% to 41%, 7 min; 41% to 70%, 12 min; and 70%, 5 min. A temperature of 55°C was maintained during HPLC separation. Peaks were detected by UV absorption at 206 and 280 nm and analyzed by SDS-polyacrylamide gel electrophoresis. Quantitation of purified proteins was performed by dual-color fluorescent protein gel analysis.
Dual-color fluorescent protein gel analysis. Proteins from lysed virus preparations and HPLC fractions were resolved by SDS-PAGE on 4 to 20% Trisglycine gels (Invitrogen) under reducing conditions. The p24 CA 
RESULTS
To examine the proteins found in virions produced by monocyte-derived macrophages, we produced two human MDM cultures from the same donor. One was infected with a CCR5-tropic HIV NLAD8 stock, while the other served as an uninfected control. Thin-section transmission electron microscopy of infected cells revealed that most of the HIV-1 observed was found inside the cell in internal vesicular structures (data not shown), consistent with previous findings that HIV-1 assembles and buds into internal structures in macrophages (48) that have been identified as late endosomes and MVBs (54) .
To remove cellular vesicles from virions in cell culture supernatants, we CD45 immunoaffinity depleted clarified cell culture supernatants from these parallel cultures of uninfected and HIV NLAD8 -infected MDM by using CD45-antibody-coupled paramagnetic microbeads. This depletion method can remove more than 98% of the CD45 protein from T-cellderived virus preparations (72) . After depletion, the treated supernatants were subjected to our standard density centrifugation procedure to pellet virions away from soluble proteins and other cellular debris. The CD45-depleted preparations as well as the CD45-selected bead-bound fractions (all samples were 5% of the total material by volume) from the uninfected and HIV-infected MDM cultures were analyzed by immunoblot and SDS-PAGE analyses (Fig. 1 ). CD45 and p24
CA immunoblot analyses (Fig. 1A) showed that while there was no detectable CD45 signal in the supernatant samples (the CD45-depleted fraction), there was an evident CD45 signal in the bead sample (the CD45-containing fraction), indicating that most of the CD45 was removed from both infected and uninfected materials. In addition to the CD45 signal in the bead sample, there is a 28-kDa band corresponding to the immunoglobulin light chain (Fig. 1A) . This is likely mouse immunoglobulin light chain released from the heavy chain-microbead complex in reduced SDS-PAGE samples and detected by the anti-mouse secondary antibody employed in the analysis. Reacting the same blot with p24 CA antiserum showed that virus was present in the CD45-depleted virus sample and not in the CD45-selected bead-bound sample (Fig. 1A) .
The removal of contaminating vesicles from a virus sample should also be reflected in the removal of cellular proteins. An analytical-scale SDS-gel electrophoresis analysis of the CD45-immunodepleted and density-purified samples (3% of the total material by volume) prepared from infected and noninfected cells revealed that all of the detectable protein was removed from the noninfected MDM samples, while viral proteins, as well as cellular proteins, still remained in the infected MDM preparations (Fig. 1B) . Thus, the CD45 depletion and density centrifugation removed all of the detectable protein from the uninfected preparation.
Electron microscopy of virion preparations. To directly examine the removal of nonviral particles, we analyzed samples of the HIV-1 produced from MDM, processed with and without CD45 depletion, by transmission electron microscopy ( Fig.  2) . The untreated HIV-1 preparation contained a relatively small number of virions and an abundance of nonviral particles. In contrast, the CD45-depleted virion preparation contained mostly virions and few if any nonviral particles. These data are consistent with our previous observations (72) , as well as with the biochemical data obtained for the same specimens, and directly demonstrate that CD45 depletion effectively removed vesicular contamination from the MDM-derived virion preparations.
Proteomics of CD45-depleted MDM-derived HIV. To identify proteins in HIV-1 produced from macrophages, the CD45-depleted HIV-1 preparation (corresponding to 2 g of HIV-1 p24 CA , 30% of the total volume) was fractionated using a preparative-scale SDS-PAGE gel separation. Before SDS-PAGE, the cysteinyl residues within the samples were reduced and alkylated to avoid spontaneous intermolecular disulfide bond formation during electrophoresis. The CD45-depleted virion sample contained a large number of bands with a wide range of sizes (Fig. 3) . In contrast, an equal volume (also 30%) of the uninfected control sample, i.e., the CD45-depleted preparation from the uninfected macrophages produced and processed in parallel, contained no detectable proteins in the preparative-scale Coomassie blue-stained gel (data not shown; results were identical to those in Fig. 1B) . To analyze the proteins in the HIV-1 containing gel, the lane was sectioned into 17 contiguous slices (Fig. 3) ; each of these fractions was digested individually with trypsin, and the peptides generated were eluted from the gel by extraction. The LC-MS/MS technique requires a complete tryptic digest of the peptides with low levels of nonspecific cleavage that can occur with overdigestion of the sample with protease. To assess the quality of the eluted peptides, one-third of the peptide material extracted Continued on facing page a The CID spectra were compared against those of the EMBL nonredundant protein database by using SEQUEST (ThermoElectron, San Jose, CA). Only those peptides having cross-correlation (X corr ) cutoffs of 1.9 for ͓M ϩ H͔ 1ϩ , 2.2 for ͓M ϩ 2H͔ 2ϩ , and 3.5 for ͓M ϩ 3H͔ 3ϩ and with delta cross-correlation scores (⌬Cn) of at least 0.09 (65) were considered. Proteins were identified at least by two peptides, either unique peptides in the same fraction or independent observations in different fractions. These SEQUEST criteria thresholds have been determined previously to result in a 95% confidence level in peptide identification (77) .
b Alternative names are provided in parentheses. Proteins whose observed mass falls within the expected molecular mass range of their fraction are shown in bold. Peptides from a given protein found in more than one fraction are indicated in parentheses with the other fraction numbers in which it was observed. The number of peptides found in the secondary fractions is indicated in brackets.
c Theoretical molecular mass for the primary translation product calculated from DNA sequences protein. Glycosylated proteins are indicated by a G. Proteins with a processed cellular form are indicated by a P.
d Proteins previously found in virions (Vir) or exosomes (Exo) are indicated. e The locations of the protein are indicated as follows: C, cytoplasmic (can include intracellular vesicles); M, plasma membrane; N, nuclear; S, secreted; ER, endoplasmic reticulum; G, Golgi; P, peroxisomal; and ?, unknown.
f Abbreviations: UPS, ubiquitin/proteasome system; IF, intermediate filament; LE, late endosome; ER, endoplasmic reticulum; Reg., regulation; Red/Ox, reduction oxidation; and ?, unknown.
g Accession numbers for UniProt (accessible at http://www.pir.uniprot.org/search/textSearch.shtml). h eEF1A (formerly named elongation factor-1 alpha) (12) fragments produced by HIV-1 protease (11, 51) . i A 47-kDa truncated version of titin of unknown function was detected in immunoblots of monocyte-derived macrophage cultures (data not shown).
from each gel slice was analyzed by MALDI-TOF MS prior to LC-MS/MS analysis. The MALDI-TOF MS data confirmed that the digested samples contained high-quality peptides and provided a good estimate of the relative protein concentrations in these samples. Therefore, a portion of the peptide samples that were extracted from the gel bands was analyzed by RPLC-MS/MS. The results showed that all fractions of the gel contained statistically significant peptide identifications (those proteins identified with more than one peptide at a confidence level greater than 97%). A RPLC-MS/MS analysis of fractions 7 and 8 from the parallel preparative-scale SDS-PAGE analysis of the CD45-depleted uninfected control preparation produced no statistically significant peptide identifications (data not shown). In contrast, the same fractions produced many peptides in the virus sample analysis (Table 1) ; thus, the proteins identified in the CD45-depleted virus samples appear to be from the virus and not from contaminating vesicle-associated proteins. The tandem mass spectra were compared against spectra of the EMBL nonredundant human protein database by using a SEQUEST search program. After filtering the results based on X corr (cutoffs of ] 3ϩ ) and ⌬C n (at least 0.09) values, the peptide identifications were segregated into cellular and viral proteins: the 253 unique cellular proteins are shown in Table 1 and the expected set of viral proteins is shown in Table 2 . The implications and caveats on these findings are presented in Discussion below.
Immunoblot analysis of virions. While our RPLC-MS/MS analysis found a large number of proteins, it failed to detect the CD63 protein, a marker for the late endosomal/MVB system that was previously found in macrophage-produced HIV-1 (45, 54) . Failure to identify a protein by RPLC-MS/MS peptide analysis does not conclusively demonstrate that the protein is not present in the analyzed sample, since the absence of identifiable peptides can be due to several technical factors, especially for highly glycosylated proteins such as CD63. To determine if CD63 was present in our MDM-derived HIV-1 preparations, CD45-depleted preparations from uninfected and infected cultures (equal amounts by volume approximately 200 ng p24
CA in the virion sample) were examined by immunoblot analysis. The results revealed that the CD45-depleted virion preparations did indeed contain CD63, confirming that CD63 is present in HIV-1 virions produced from MDM, while there was no signal from the matched CD45-depleted uninfected cell sample (Fig. 4) .
Tsg101, a late endosomal sorting protein that is essential for viral budding, has been found in HIV-1 virions produced from HeLa cell and T-cell lines (14, 22, 75) . However, we did not find any Tsg101 peptides by our RPLC-MS/MS analysis in fraction 9, where the full-length protein should migrate in the gel (44 kDa). However, we did find two peptides in fraction 5 that spans 20 to 24 kDa. To confirm the presence of this important protein, we carried out an immunoblot analysis of CD45-depleted preparations from infected and uninfected MDM (equal amounts by volume with approximately 200 ng p24
CA in the virion sample). The results revealed a band of 43 kDa that corresponds to full-length Tsg101, as well as a 22-kDa band that confirms the presence of a fragment of Tsg101 as indicated by the peptide sequences in fraction 5. Since this fragment was not detected in MDM cellular lysates (data not shown), it might be a protease cleavage HIV-1 product of some of the Tsg101 incorporated into virions. Other cellular proteins in the virion are known to be cleaved by HIV-1 protease (11, 51, 52, 70) . In contrast to the virion sample, the CD45-depleted sample from a parallel, uninfected cell culture contained no detectable Tsg101 signal (Fig. 4) . These data confirm that both full-length and truncated forms of Tg101 are present in MDMderived HIV-1 virions.
Env content of MDM-derived HIV-1. Previously, we found that HIV-1 and simian immunodeficiency virus virions produced from various T-cell lines in which the virus assembles on the cell surface contain between 7 and 14 Env trimers per virion (10, 78) . To evaluate whether the alternative MVBbased assembly and budding mechanism used by HIV-1 in macrophages alters the incorporation of Env into virions, the proteins in an MDM-derived HIV-1 preparation that was density gradient-purified twice were separated and collected into fractions by HPLC (Fig. 5) . SDS-PAGE gel analysis of the fractions containing p24 CA (fractions 38 to 44) showed an intense p24 CA band, while those containing gp120 SU (fractions 27 to 30) showed only a small amount of signal for gp120 SU relative to the large amounts of cellular proteins. Quantitative amino acid analysis to measure gp120 SU content was therefore not feasible. To determine the relative contents of Gag and Env in virions, we quantitated the amounts of both Gag (p24 CA ) and Env (gp120 SU ) in MDM-produced virion preparations by fluorescence-based quantitation (39) . SDS-PAGE gels of virus samples and serial dilutions of purified protein standards were stained first with SYPRO Pro-Q Emerald, a fluorescent dye that detects glycoproteins, and the gp120 SU signal was measured. The proteins in the gel were then stained with the fluorescent dye SYPRO Ruby, which reacts with all proteins, and the amount of p24 CA present was determined. A merged image of a representative gel is presented in Fig. 5B . The masses of p24 CA and gp120 SU in the virion samples were then calculated by interpolation of integrated pixel densities for the test samples onto standard curves obtained from a dilution series of calibrated protein standards ( Fig. 5B; Table 3 ). Based on these data, the molar Gag-to-Env ratio was 39 to 1. This corresponds to an average of 12 Env trimers per MDMderived HIV particle based on an estimated 1,400 Gag molecules per particle. This is the value that we previously have determined by direct enumeration of trimers on individual virions by electron tomography combined with biochemical quantitation of Gag/Env ratios (78) . However, by comparing in vitro-produced Gag particles to immature virions, another group has estimated that there are 5,000 Gag molecules per virion (5) . While there currently is no clear resolution between the two methods, we favor our direct approach because the virions are produced under native conditions. The number of Env trimers quantified using this method also correlates well with the Gag/Env stoichiometry of other retroviruses (53, 74) . For comparison, the two-dye fluorescent analysis of the wellcharacterized control virus preparations HIV-1 MN /H9 clone 4 and SIV mne /HuT-78 cl.E11S yielded results ( Table 3) that showed excellent agreement with previous results obtained by alternative methods (6:1 and 60:1 trimers per 1,400 Gag molecules, respectively [10, 78] ).
DISCUSSION
The proteomic analysis of HIV-1 virions produced from monocyte-derived macrophages presented here reveals many new proteins not previously described in HIV-1 virions. These proteins are components of a wide variety of cellular systems. Since viruses rely heavily on cellular systems for their replication, these proteins provide potential clues for viral biology. Of the 253 unique proteins identified, 33 were proteins previously found in virions produced from nonmacrophage cells (Table 1 ) (49, 71) . However, most of the proteins (i.e., 220) had not been previously identified in HIV-1 particles. Many of the observed proteins were found in gel fractions corresponding to their expected size, as deduced from their amino acid sequence. In addition, other proteins, especially the glycosylated proteins, were found in fractions with higher molecular mass than the protein sequence. Other posttranslational modifications, such as phosphorylation and ubiquitination, might also cause proteins to migrate more slowly than expected and be found in higher-molecular-mass bands on the SDS-PAGE gels. The presence of ubiquitin in several higher-molecular-mass fractions (fractions 4, 6, 8, 10, 12, and 15) is consistent with the potential presence of ubiquitin-conjugated proteins in these regions. In contrast, some proteins migrated at a faster rate, reflecting a lower molecular mass than expected for the fulllength protein. In some cases, this might be due to HIV-1 protease cleaving cellular proteins (70) . For example, eEF1A
(formerly elongation factor-1 alpha), which has been previously found in HIV-1 virions in a full-length (53-kDa) form and as a 30-kDa C-terminal-cleaved fragment, was detected in both the 29-to 34-kDa and 34-to 43-kDa fractions (11, 51) . Also, immunoblot analysis demonstrated the presence of a truncated form of Tsg101 in virions. A molecular mass lower than expected might also be due to cellular proteins being expressed in truncated forms through alternative splicing of message or posttranslational cleavage by cellular proteases inside the cell. One surprise on our list was a titin peptide in fraction 9 ( Cellular proteins may be incorporated into virions as bystanders, simply by being fortuitously present at the site of budding. Alternatively, such proteins as Tsg101 (fraction 5) and AIP1 (Alix; fractions 2, 12, and 14), which interact with Gag to help form the virion and assist in the budding process (13, 44, 64, 75) might be incorporated because they are active participants in different stages of the viral replication cycle,. Lastly, cellular proteins preferentially incorporated into virions may influence viral biology and pathogenesis, as has been shown for integrins, which can increase infectivity (4, 66) , and HLA class II proteins, the presence of which on virions has been associated with an induction of increased levels of apoptosis in vitro (19) . Based on these precedents, identification of additional cellular proteins incorporated into virions may provide useful insights into viral biology.
The virion preparations described herein contained proteins from several important cytoplasmic systems, including the actin cytoskeleton, microtubules, ubiquitin/proteasomes, translation, protein chaperones, signal transduction, endosome/exosome, and metabolism. In addition, surface proteins associated with cell signaling, adhesion, and antigen presentation were identified. However, at present, the relevance of these proteins to viral biology is not clear. While all of these proteins provide important possibilities for influencing viral function, the present observations represent a starting point. Further studies will be needed to determine the relevance of these host proteins to viral biology.
One of the current models for HIV-1 budding suggests that the viral components, especially Gag, assemble at either late endosome/MVB vesicles directly or at late endosomal/MVBderived patches on the plasma membrane before budding (3, 7, 26, 29, 42, 46, 54, 55, 63, 75) . In macrophages, immunoelectron microscopy for HIV-1 Gag and cellular markers indicates that the internal vesicles harboring HIV-1 are late endosomal/ MVB structures (54) . Our data support these observations; we found many common endosomal/MVB proteins in HIV-1 derived from macrophages, including HLA class II, actin, and actin-binding proteins, as well as tetraspanins, e.g., CD9 (fraction 6 and others), tetraspanin-14 (fraction 6), CD53 (fraction 8 and others), CD81 (fractions 2 and 5), CD82 (fractions 10 and 11), and the CD63 late endosome marker. A recent report by Nydegger et al. has found that HIV-1 assembles and buds at membrane regions that contains tetraspanins (CD9, CD63, CD81, and CD82), Vps28, and Tsg101 (47), proteins identified by our analyses. One of the endosomal/MVB-associated proteins that we found in virions, annexin 2 (fractions 7, 8, and 9), is a cytoplasmic actin-binding protein, which translocates to the plasma membrane in stimulated cells (24) . Annexin 2 tightly binds to a member of the S100 family of calcium-binding proteins, S100A10 (p11). Upon binding, annexin 2 and S100A10 form a heterotetramer which is capable of binding two membrane surfaces simultaneously, potentially promoting fusion events (38) , and also plays a role in exocytosis (24) . The S100A10 (fraction 2) protein was also detected by our analysis, suggesting that HIV-1 derived from MDM incorporates this complex. Other S100 family members were also detected in viral sample (fraction 2) and could play various roles in fusion and membrane organization (16, 38) . Recently, annexin 2 was shown to participate in lipid raft organization, as well as docking and fusion of secretory granules with the plasma membrane (exocytosis) in neuroendocrine cells (9) . The presence of annexin 2 in HIV-1 viral particles supports the idea that HIV-1 is exploiting endosomal/exosomal pathways. Recently, Ryzhova et al. have shown that annexin 2A binds Gag and that small interfering RNA-mediated depletion of this annexin prevents viral budding from cells (61) , suggesting a role for this protein in HIV-1 assembly. Other less studied annexin family members (annexins A5 [fraction 7], A11 [fraction 10], and A6 [fraction 11]) were also identified by our analysis, but their function in the cell is still not clear (24) .
In addition to annexins, proteins from other important vesicle trafficking systems were also present. Rab protein family members, which function mostly in vesicle transport (6) , are present in MDM-derived HIV-1 (fraction 6). The NPC1 protein, a protein that transports cholesterol through the late endosomal system (33), was also observed (fraction 15 and 16), further supporting the idea that HIV-1 assembly occurs on MVB membranes in macrophages. The sorting of proteins within the cell is regulated by members of the Vps family (13, 14, 20, 22, 42, 44, 75) . Our analysis found Tsg101 (the human ortholog of yeast Vps23; fraction 5 and immunoblot), Vps28 (fraction 6), Vps29 (fraction 5), and Vps35 (fraction 13). These proteins are involved in vesicle sorting, and Tsg101 and Vsp28 are both members of the ESCRT I complex which has been shown to be involved in virus budding from the cell (13, 44) .
Besides markers of the endosomal compartment, several components of exosomes were also identified by our analysis. Our macrophage-produced viruses contained 26 out of 37 proteins previously observed by a proteomic analysis of exosomes from dendritic cells (68) , further supporting the proposal that HIV-1 and exosomes use similar budding mechanisms in macrophages, with the virus exploiting the exosome budding pathway to release virions (28) .
Apolipoprotein E (ApoE; fraction 8) is best known for its role in plasma cholesterol transport (for a review, see reference 41) but has also been implicated in immunoregulation and modulation of cell growth and differentiation (35, 40, 41) and was identified in our analysis. Macrophages express ApoE (40) , although the levels of expression can vary widely (67) . ApoE binds lipid membrane surfaces (62) , so the presence of this secreted protein could be the result of binding to the virion surface. Macrophages also endocytose ApoE and recycle it back to the surface (30) , raising the possibility that HIV-1 could acquire this protein in an exocytotic compartment, such as the late endosomal system in macrophages. The presence of ApoE on a HIV-1 could potentially facilitate virus entry, by targeting HIV-1 virions to low density lipoprotein receptorexpressing cells, such as monocytes (58) .
The list of cellular proteins that we found by our RPLC-MS/MS analysis is quite large, and several important caveats need to be considered when interpreting these data. First, these proteins were found in a population of virions, and it is unlikely that a single virion contains all of these proteins. In addition, HIV-1 is structurally very heterogeneous (5), so the amount and variety of cellular proteins in any particular virion could be quite different from those of another. Another consideration is that while the RPLC-MS/MS analysis used here identified many proteins, others proteins (e.g., CD63) were not detected. This reflects the intrinsic difficulty in identifying proteins present in relatively small amounts within complex mixtures, even after gel fractionation. The scoring thresholds used in this study have been shown to provide a confidence level of greater than 97% in the identification of a protein by peptides (17, 56, 73, 77) . While at this level of stringency, identification of even a single peptide constitutes solid evidence for the presence of the parent protein in the sample (73), we have presented only those proteins that yielded at least two peptides. Consequently, some proteins may have been excluded from by our RPLC-MS/MS analysis due to the high-stringency thresholds employed.
Our RPLC-MS/MS analysis of highly purified HIV-1 produced from infected MDM has identified numerous cellular proteins potentially involved in various aspects of virus replication, especially assembly. However, we also identified proteins whose presence in virions is difficult to interpret mechanistically based on current knowledge. Some proteins simply might be incorporated due to their relatively large amounts at the site of budding. Another explanation is that cellular proteins can have multiple and very different functions, including functions other than those for which they are best known (34) . However, it is unlikely that all these unexpected proteins have multiple pertinent functions. While we have applied what we consider to be the best technology available to produce highly purified virions, removing contaminating proteins present (both soluble protein and those in vesicular particles), some of the proteins identified here could be simply adhered to the virions and not functionally incorporated into the particles. Even with this caveat, this proteomic analysis represents important data because it provides leads for further studies of the involvement of cellular proteins and pathways in the HIV-1 replication cycle. Such studies should provide additional information about the assembly and budding pathways used by HIV-1 in infected macrophages, raise interesting questions about the possible contributions of some of these virion-incorporated molecules in HIV-1 pathogenesis, and may point to potential targets for novel approaches to therapeutic intervention in HIV-1 infection.
